Abstract-It is well established that magnetic components may be reduced in size by operating at high frequency. Miniaturization of magnetic components is ideally suited to microelectronics technologies such as thick film, which lend them to planar geometries. This paper describes new analytical models, which predict inductance-and frequency-dependent eddy-current losses in magnetic substrates. Prototype devices were fabricated by a thick-film process with four layers of conductors on a single ferrite substrate and in a sandwich configuration, consisting of conductors between ferrite slabs. The prototype devices were tested in the frequency range 10 kHz-100 MHz. The measurements confirm the validity of the analytical models. Simulation with finite-element analysis was employed to identify different sources of losses: eddy current losses in ferrite substrates, proximity effect losses in conductors, and dielectric losses.
Additional mutual impedance due to presence of single ferromagnetic substrate, see (11). Additional mutual impedance in sandwich structure, see (14) . Angular frequency (rad/s). Electrical conductivity of substrate. Permeability of free space ( H/m). Relative permeability of the substrate. Defined in (6) and (7) . Defined in (12).
I. INTRODUCTION
T HE drive toward high-density circuits in power supplies has been aided by low-profile planar magnetic transformers and inductors. Thick-film, thin-film, and printedcircuit-board (PCB) technologies are ideally suited to the manufacture of planar devices [1] - [3] . Automated manufacturing processes improve reliability and reduce costs over labor-intensive hand-wound components. Planar geometries improve heat transfer characteristics and, thus, increase the power handling capability of the circuit. Operating at higher frequencies may reduce the size of components.
The traditional analytical models for inductance and eddycurrent losses in conventional cylindrical or toroidal geometries do not apply to planar structures. Furthermore, current in a flat conductor, the width-to-height ratio of which may be 50 : 1, is not distributed uniformly over the cross section of the conductor, even at low frequencies. In this paper, new formulas are presented for the impedance of planar coils in air, on a single magnetic substrate and in a sandwich structure, which consists of conductors between ferrite slabs. The models take full account of the eddy-current losses in the ferrite slabs, which are frequency dependent.
The fabrication of multilayer prototype devices is described. The conductors are deposited using a thick-film screening process with interlayer dielectric insulation. Photoplots and masks for the conducting and dielectric layers are illustrated, along with an optical photograph of a microsection of the device. Impedance measurements were carried out on the prototypes in the range 10 kHz-100 MHz. The measurements are compared with calculations using the new impedance formulas. Simulations with finite-element analysis (FEA) show that, in addition to eddy-current losses in the substrates, further losses result from proximity effects in the conductors and dielectric losses in the insulating layers.
II. SPIRAL COILS ON A FERROMAGNETIC SUBSTRATE
The formulas in this section are derived from Maxwell's equations, and the details are given in [4] and [5] . The formulas are summarized here for clarity and completeness. Fig. 1 shows circular concentric planar coils on a magnetic substrate. In practice, a spiral coil would consist of sections connected in series, which can be accurately modeled by concentric circular coils. Normally, it would suffice to integrate the filamentary formulas [4] over the cross sections in Fig. 1 to obtain the mutual impedance between the sections, the inherent assumption being that the current density is uniform over the cross section. In a planar structure, the height-to-width ratio could be 50 : 1. Since the inside path for current flow is much shorter than the outside path of the section, it follows that the resistance on the inside is smaller and, therefore, the current density is higher.
A. Substrate of Infinite Thickness
Evidently, with an inverse relationship between current density and radius, the current density at radius , for a coil current , is given by (1) It is assumed that variation over the height of the section is negligible. The mutual impedance between the sections of Fig. 1 is obtained by integrating the filamentary formula over the cross sections, taking the current density distribution (1) into account. The mutual impedance is (2) where accounts for the component of impedance which would exist in the absence of the substrate and accounts for the substrate The evaluation of for planar sections is slow to converge with numerical integration. An accurate result may be obtained by replacing the section with a filament at its geometric mean (GM) , and using the well-known elliptic integral formula (8) where and are complete elliptic integrals of the first and second kind, respectively, and (9) with replaced by the geometric mean distance (GMD) [6] between the sections; in the case of self-inductance GMD , where is the height of the section and its width. It is normally sufficiently accurate to take GMD for mutual inductance calculations.
B. Substrate of Finite Thickness
In this section, the case of a substrate of finite thickness is considered. The geometry is the same as that shown in Fig. 1 with the substrate thickness given by . The resulting impedance is (10) (11) where (12) Clearly, for , the result reduces to that given by (3), as expected. It is shown in [5] that (3) may be used when m.
C. Sandwich Structures
The addition of a second substrate, above the planar coils, results in a sandwich structure, as shown in Fig. 2 .
The impedance of the sandwich structure is (13) 
III. EXPERIMENTAL DEVICE

A. Fabrication of Spiral Inductors
Four-layer circular spiral inductors were manufactured on a magnetic substrate using thick-film technology. These inductors consisted of four layers of three conductor turns each deposited using thick-film conductor paste. A layer of dielectric material separates each of these conductor layers. The magnetic substrates used were made from Philips 4E2 ferrite material. The material specifications for the conductor paste, the dielectric paste, and the magnetic ferrite are given in the Appendixes.
Thick film circuits are produced by the screen printing process, which involves using a mesh screen to produce designs on a suitable substrate. The mesh screen may be made from stainless steel or from synthetic fibers such as dacron and nylon. A viscous paste is forced through the screen to deposit a pattern onto the substrate. A typical screen printing setup is shown in Fig. 3 .
There are three basic categories of thick-film pastes. These are conductors, resistors, and dielectrics. The fabrication of the spiral inductor involves both conductors and dielectrics. Each paste contains: 1) a functional material, which determines the electrical properties of the paste; 2) a solvent/thinner, which determines the viscosity of the paste; 3) a temporary binder, which holds other ingredients together during the screen printing, drying, and firing processes; and 4) a permanent binder, which fuses particles of the functional material together and to the substrate. The fabrication process itself consists of four key steps.
1) Screen Generation:
A negative image must be generated on the screen mesh so that the paste, which is forced through the screen, produces the required pattern on the substrate. The desired pattern must first be laid out using a suitable software layout package from which a mask or photoplot is created. A photosensitive emulsion is applied to the entire screen and the mask is then placed on the screen and exposed to ultraviolet light; this develops the emulsion on the screen. The parts of the emulsion that were not exposed by the mask may then be washed away using a spray gun, leaving the required pattern on the screen, as illustrated in Fig. 4 .
2) Screen Printing: This involves forcing a viscous paste through the apertures in the patterned screen in order to deposit the required pattern onto a substrate.
3) Drying: This removes the organic solvents from the screen-printed paste by moderate heating. The substrate with the freshly printed paste is first air dried for 5-10 min to allow the paste to settle. It is then placed in an oven at 125 C for 10-20 min and the organic solvents are removed by evaporation.
4) Firing:
This involves running the substrate through a furnace with zones of increasing temperature, as shown in Fig. 5 . First, the temporary organic binder is decomposed by oxidation and removed ( C, A in Fig. 5) . Then, the permanent binder melts and wets both the surface of the substrate and the particles of the functional material (500 C C, B in Fig. 5 ). Finally, the functional particles are sintered and become interlocked with the permanent binder and the substrate (700 C C, C in Fig. 5 ). Each of these steps must be carried out for each layer of paste required.
B. Masks
The production of a patterned screen requires a mask or photoplot. For the four-layer device, a photoplot of each of the conductor layers must be generated. These four conductor layers are shown in Fig. 6 . Each of these layers has a footprint of approximately 1 cm , with a track width of 600 m and a track spacing of 200 m. A dielectric layer must separate each of the four conductor layers. Thus, masks of each of the dielectric layers must also be generated. Each of these layers must also contain a via hole through which the various conductor layers can be interconnected. The masks for the dielectric layers are shown in Fig. 7 .
C. Dimensions
The prototype device has a footprint of approximately 1 cm , with conductor track widths of 600 m and a track spacing of 200 m. Each conductor layer consists of three circular turns, each of which is made up of two semicircular lengths of different radii.
A microsection of the experimental device is shown in Fig. 8 . This was obtained by potting the inductor sample in an epoxy material and cutting it at the required location. The sample is then polished and an accurate cross section can then be examined. Fig. 8 shows an optical photograph of a microsectioned inductor. Note that the individual conductor layers can be easily recognized. The dimensions of the experimental device are shown in Fig. 9 . Actual physical dimensions will vary slightly from the given values, because, by its nature, the screen printing process results in tapered walls and the individual layers do not line up exactly in the vertical direction, as seen in Fig. 8 .
IV. VALIDATION
Prototype devices were tested in air, on a single substrate, and in a sandwich structure. The experimental and calculated results are based on the equivalent circuit shown in Fig. 10(a) . The capacitance was calculated for the idealized structure of Fig. 9 , with the dielectric properties given in Appendix I, yielding pF. The input impedance of the prototype devices was measured with an HP4194A Impedance Analyzer in the form of magnitude and angle. This measurement was converted into the equivalent and of Fig. 10(a) for comparison purposes. Since there are three unknowns in the equivalent circuit, is taken as 14.8 pF as calculated; a sample calculation of and is given in Appendix II. The resonant frequency of the device is (17)
The resonant frequency was measured in each prototype and compared with the theoretical value, given by (17). The results are summarized in Table I . The inductance values were calculated by the formulas in Section II.
The agreement is quite good, it illustrates the utility of the new models in Section II in predicting resonant frequencies, and the validity of the capacitance calculation is confirmed. The dc resistance was measured and found to be 1.694 ; this is bigger than the calculated value of 1.275 , based on the electrical properties given in Appendix I. The difference may be explained by the idealized nature of the tracks in Fig. 9 compared with the tapered sections shown in Fig. 8 ; precise measurement of the actual track thickness is very difficult. Furthermore, the additional resistance as measured may be accounted for by contact resistance and the conducting vias. It is very difficult to measure these "stray resistances," particularly when the paste resistivity varies from batch to batch.
The prototype devices were modeled with FEA [7] to identify the individual loss mechanisms: eddy-current losses in the substrate, proximity effect losses in the conductors, and dielectric losses in the insulation. These components are identified in Table II as follows. 1) in the place of in Fig. 10 (a) represent eddycurrent losses in the substrates; these values are found with FEA by using stranded conductors to suppress proximity effects. These values may be compared directly with the calculations to validate the formulas of Section II. 2) in the place of in Fig. 10(a) represent the combined eddy-current losses in the substrates and proximity effects in the conductors. 3) in the place of in Fig. 10(a) represent the combined eddy-current losses in the substrates and proximity effects in the conductors and dielectric losses in the insulation. The equivalent resistance in Fig. 10(b) is the dielectric loss, which may be found from the dissipation factor . In order to make a comparison with the measured results, this value is combined with , , and to give an equivalent , . A sample calculation is included in Appendix III.
A. Air
The inductance of the prototype device is calculated by placing an equivalent filament at the GM of each section and using (8) as described in Section II-A. The inductance of the overall device is found by summing the self and mutual terms of each turn. The results are summarized in Table II(a) for measurements at 10 kHz and 10 MHz. At 10 kHz, the agreement for resistance and inductance confirms the validity of the model. At 10 MHz, the inductance is reduced by about 7%, due to the proximity effects in the conductors.
The resistance due to proximity effects calculated by FEA is 2.807 at 10 MHz and the remaining resistance is due to dielectric losses. The nature of the equivalent circuit in Fig. 10(a) is such that a very small change in the phase angle of the measured impedance may result in a large change in , which is particularly true when the measurement is in the vicinity of the resonant frequency.
Evidently, the proximity effects and dielectric losses at high frequencies are important and impact significantly on the of the device.
B. Substrate
The prototype device of Fig. 9 was placed on a ferromagnetic Ni-Zn ferrite substrate, which was 1-mm thick and the properties of which are given in Appendix I. The bottom layer was placed directly on the substrate. The results are given in Table II However, the additional losses due to the proximity effect in the conductors are significant and, as before, dielectric losses make a major contribution to overall losses. The simulation results showed that the current density in the conductors in significantly different at high frequency. In Fig. 11(a) , the current density distribution without proximity effects shows the inverse relationship described in (1), (the closer the lines the higher the current density), whereas Fig. 11(b) shows the high concentration near the vertical edges due to proximity effects at 10 MHz.
C. Sandwich
A second ferrite substrate was placed on top of the coil, and the results are shown in Table II (c). The calculated impedance was found with (13). The large resistance which was measured and found from simulation at 10 MHz does not reflect a large increase in losses, since the dielectric losses are exactly the same as the other two devices. Rather, it reflects the model of Fig. 10(a) which shows a large due to the fact that the device is closer to resonance, in this case, at 19 MHz. This is illustrated in the sample calculation in Appendix III. The results confirm that the main losses have been identified and quantified. The losses in the terminations were minimized by arranging the upper substrate so that it did not overlap the coil terminations with the lower substrate, thereby avoiding eddy-current losses.
V. CONCLUSIONS
This paper has described new impedance formulas for planar spiral coils with magnetic substrates. The formulas predict both inductance and equivalent resistance due to eddy-current losses in the substrates. The fabrication of a thick-film four-layer 12-turn planar device has been described.
Comparing calculations with measurements on prototype devices has validated the new formulas. The inductance of spiral coils on magnetic substrates and in a magnetic sandwich have been predicted accurately and combined with capacitance calculations to predict resonant frequencies.
Losses due to proximity effects in the conductors and the dielectric losses in the insulation layers have been quantified. The losses in the ferrite substrates were negligible compared with the proximity effect losses in the conductors and the dielectric losses in the insulation.
The inclusion of a central magnetic core and the closing of the magnetic circuit in a pot-like structure would be natural extensions of this work.
APPENDIX I MATERIAL SPECIFICATIONS
The ferrite substrates were constructed from 4E2 material from Philips. The relevant properties of this material are as follows:
relative permeability 25 
